Chromium is a highly toxic non-essential metal for microorganisms and plants. Due to its widespread industrial use, chromium (Cr) has become a serious pollutant in diverse environmental settings. The hexavalent form of the metal, Cr(VI), is considered a more toxic species than the relatively innocuous and less mobile Cr(III) form. The presence of Cr in the environment has selected microbial and plant variants able to tolerate high levels of Cr compounds. The diverse Cr-resistance mechanisms displayed by microorganisms, and probably by plants, include biosorption, diminished accumulation, precipitation, reduction of Cr(VI) to Cr(III), and chromate efflux. Some of these systems have been proposed as potential biotechnological tools for the bioremediation of Cr pollution. In this review we summarize the interactions of bacteria, algae, fungi and plants with Cr and its compounds. ß
Introduction
Chromium is a transition metal located in group VI-B of the periodic table. Although it is able to exist in several oxidation states, the most stable and common forms are the trivalent Cr(III) and the hexavalent Cr(VI) species, which display quite di¡erent chemical properties [1] . Cr(VI), considered the most toxic form of Cr, is usually associated with oxygen as chromate (CrO [1] . In contrast, Cr(III) in the form of oxides, hydroxides or sulfates, is much less mobile and exists mostly bound to organic matter in soil and aquatic environments. Cr(VI) is a strong oxidizing agent and in the presence of organic matter is reduced to Cr(III); this transformation is faster in acid environments such as acidic soils [1] . However, high levels of Cr(VI) may overcome the reducing capacity of the environment and thus persist as a pollutant. In addition, Cr(III) may be also oxidized to Cr(VI) in the presence of an excess of oxygen, being transformed again to the more toxic form [2] .
Cr is the seventh most abundant element on earth and 21st in the crustal rocks [1] . Cr abundance in Earth's crust ranges from 100 to 300 Wg g 31 . Soils may contain between 5 and 3000 Wg of chromium per gram [3] . The world production of Cr is in the order of 10 7 tons per year; 60^70% is used in alloys, including stainless steel, and 15% is used in chemical industrial processes, mainly leather tanning, pigments and electroplating [1, 4, 5] . Its widespread use has converted Cr in a serious pollutant of air, soil and water [6, 7] . Cr concentrations in non-polluted waters vary from 0.1 to 0.5 ppm in fresh waters and from 0.0016 to 0.05 ppm in oceanic waters [8] , but levels as high as 80 ppm have been observed in paper mill e¥uents [9] .
Chromium transport and accumulation
Chromate is actively transported across biological membranes in both prokaryotes [10] and eukaryotes [11, 12] . Once inside the cells, Cr(VI) is reduced to Cr(III) probably via the unstable Cr(V) and Cr(IV) states ( [13, 14] , see [15] for an opposite result). In contrast, most cells are impermeable to Cr(III) probably because it forms water insoluble compounds in non-acidic aqueous solutions [16^18].
Microbial chromium transport and accumulation
The transport of chromate through the sulfate transport system was ¢rst demonstrated in Salmonella typhimurium [10, 19, 20] and later in Escherichia coli [21, 22] , Pseudomonas £uorescens [23] and Alcaligenes eutrophus [24] . Energydependent Cr(VI) uptake in the cyanobacterium Anabaena doliolum [25] showed a biphasic behavior and Cr concentration dependence.
In contrast to other metals, which predominantly form cationic species, Cr exists mainly in the oxyanion form (i.e. CrO 23 4 ) and thus cannot be trapped by the anionic components of bacterial envelopes [26] . However, cationic Cr(III) derivatives bind tightly to Salmonella lipopolysaccharides [27] , Bacillus subtilis and E. coli cell walls [28] , and capsular polymers of Bacillus licheniformis [29] .
Data on chromium transport in algae are scarce [30] . Taxa di¡erences in Cr accumulation rates have been reported : green algae retain more Cr (as well as Al and Fe) than brown or red algae [8] . Epiphytic (organisms which live on plants) algae are considered to have a high a¤nity for atmospheric pollutants and the ability to accumulate heavy metals from the air. Cr and Pb contents were elevated in the epiphytic alga Pleurococcus sp. in sites close to motorways [31] .
In yeasts, Cr(VI) may enter cells via a non-speci¢c anion carrier, the permease system, which transports di¡erent anions such as sulfate and phosphate [32] . Some chromate-resistant mutants of Neurospora crassa showed strongly reduced sulfate transport properties [33] . Further studies revealed that Cr(VI) toxicity was due to its speci¢c antagonism to sulfate uptake, whereas Cr(III) toxicity resulted from antagonism with iron transport [34] . By using culture media with di¡erent sulfur sources, it was shown that the sulfate transport system is also used for chromate uptake in Candida sp., and to some degree in Saccharomyces cerevisiae and Candida famata [35] .
Chromium transport and accumulation in plants
There are con£icting results regarding which form of Cr is taken up and accumulated by plants. The interconversion of di¡erent Cr forms is quite frequent in soil and hydroponic media during long-term experiments, making the analyses di¤cult. In studies with bean (Phaseolus vulgaris L.) and wheat (Triticum aestivum L.) no di¡erences in the uptake of either Cr(III) or Cr(VI) were detected [36] . However, 51 Cr compounds were not analyzed in the media and thus no information on Cr interconversion was provided. Cr complexation with organic compounds is involved in facilitating Cr availability to plants [37] . For instance, wheat (Triticum vulgare) plants grown in hydroponic cultures with CrCl 3 and oxalic acid, malate, or glycine accumulated more Cr in their roots than plants exposed to Cr alone.
Evidence for independent uptake mechanisms for Cr 3 and CrO 23 4 in plants has been presented. By using metabolic inhibitors, a substantial decrease in CrO 23 4 but not in Cr 3 uptake was observed in barley seedlings, indicating that Cr(VI) uptake depends on metabolic energy whereas Cr(III) uptake does not [38] . In contrast, an active uptake of both Cr species, slightly higher for Cr 3 than for CrO 23 4 , has also been reported in the same crop [39] . As in microorganisms, the sulfate transport system is apparently involved in CrO 23 4 uptake by plants, since sulfate inhibits competitively CrO 23 4 uptake in barley seedlings [40] .
The translocation and accumulation of Cr inside the plant depends on the oxidation state of the supply [41] , the concentration of Cr in the media [42] , as well as on the plant species. In seven out of 10 crop species analyzed, more Cr was accumulated when plants were grown with Cr(VI) than with Cr(III) [15] . By incubating barley seedlings with 51 Cr 3 or  51 CrO   23 4 , a higher content of 51 Cr was found in shoots when provided as CrO 23 4 , suggesting that Cr is transported largely by the xylem [38] . CrO 23 4 moves faster in the xylem than Cr 3 presumably because the latter is held up by electrostatic interaction with the vessel walls, as occurs for Ca 2 [38] . Controversial results emerged from experiments when plants were grown with either Cr(III) or Cr(VI) and only the Cr(III) form was found in their tissues [15] . These data suggest that Cr(VI) is transformed to Cr(III) mainly inside the root cells, but also in the aerial part of the plant.
Di¡erential accumulation of Cr in plant organs has been observed. Roots accumulate 10^100 times more Cr than shoots and other tissues [15, 37, 38, 43] . In bean, as few as 0.1% of total Cr accumulated is found in seeds, whereas roots concentrate 98% of total Cr uptake [36] . Shallari et al. [44] , collecting plants growing in serpentine soils, found that Herniaria hirusta was a Cr high-accumulator. Also water hyacinth (Eichhornia crassipes) has shown a high capacity to accumulate Cr: 6 mg g 31 DW have been detected in roots of this plant growing in 10 ppm Cr(VI) [45] . Huge values of Cr accumulation (160^350 mg Cr/kg DW in roots and 1.6^2.0 mg Cr/kg DW in shoots) were observed for cauli£ower, kale, and cabbage, plants known as sulfur-loving species, but not for peas, strawberry, or lettuce [15] . Brassica spp. showed a higher ability to take up and accumulate Cr and other heavy metals than other plant species [46] . The sulfate transport system may be responsible for the high Cr uptake of these plants.
Chromium toxicity
As previously discussed, the biological e¡ects of Cr depend on its oxidation state : Cr(VI) is highly toxic to most organisms whereas Cr(III) is relatively innocuous [47, 48] . Cr toxicity is related to the process of reduction of Cr(VI) to lower oxidation states, not necessarily to Cr(III) [49] , in which free radicals are generated [50] . Reduction of Cr(VI) to Cr(III) has been reported in many biological systems ; transient formation of Cr(V) is the most likely mechanism involved in Cr toxicity [49] . Cr(V) complexes are formed from Cr(VI) by physiological reducing agents such as NAD(P)H, FADH 2 , several pentoses, and glutathione [51, 52] [51] .
Additional intracellular chromate-reducing agents are vitamins C and B 12 , cytochrome P-450, and the mitochondrial respiratory chain [18] . Intracellular Cr(III) may be sequestered by DNA phosphate groups a¡ecting replication, transcription and causing mutagenesis [53^56] . Oxidative damage on DNA is considered the basis of the genotoxic e¡ects produced by Cr [57^59]. Cr(III) may also react with carboxyl and sulfhydryl groups of enzymes causing alterations in their structure and activities [17] . Modi¢cation of the DNA polymerase and other enzyme activities may be caused by the displacement of magnesium ions by Cr(III) [60] .
Chromium toxicity in microorganisms
Toxic e¡ects of Cr on bacteria and algae have been reviewed by Wong and Trevors [47] . In vivo generation of Cr(V) from Cr(VI) by the algae Spirogyra and Mougeotia has been described [14] . The growth of Chlorella vulgaris was una¡ected by 45^100 ppm of Cr(III) or Cr(VI), whereas no growth of Scenedesmus acutus was detected at concentrations of Cr higher than 15 ppm [61] . However, Brady et al. [62] reported algal colony growth of Scenedesmus and Selenastrum with 100 ppm Cr(III) but not with 100 ppm Cr(VI). The mechanism underlying the di¡erent sensitivity to Cr in algae remains to be elucidated.
A lengthening in the lag growth phase induced by Cr(VI) and a decreased growth rate caused by Cr(III) has been observed in Euglena gracilis [63] . Inhibition of growth in Euglena correlates with the arrest of cells in the G-2 phase of the cell cycle and inhibition of respiration and photosynthesis [64] . Cr(VI) also induced alterations in the cytoskeleton which may be involved in the loss of motility [65] . Inhibition of photosynthesis by Cr has also been reported for Chlorella [47] and Scenedesmus [66] .
Light-grown Euglena cells were more sensitive to Cr(VI) than dark-grown cells (Fig. 1 ). Lower concentrations of Cr were well tolerated in both culture conditions (Fig. 1) . In estuarine algae, Cr(VI) toxicity is inversely proportional to salinity [67, 8] . In Scenedesmus, Cr and Cu showed a synergistic e¡ect with Cd for growth inhibition [68] .
In S. cerevisiae, chromate toxicity was stronger in cells grown in non-fermentable carbon sources than in those grown in fermentable substrates [69] ; other e¡ects included inhibition of oxygen uptake [69, 70] and induction of petite mutations. These results suggest that chromate targets speci¢cally the mitochondria of S. cerevisiae [69] . Additional e¡ects of Cr in S. cerevisiae include gene conversion [71, 72] and mutation [71^73].
Chromium toxicity in plants
Whereas Cr(VI) has been demonstrated to produce serious damage to living cells, it is considered that Cr(III) is less toxic because of its extremely low solubility, which prevents its leaching into ground water or its uptake by plants. However, studies in plants have shown that Cr(III) also produces serious problems in living tissues although at higher concentrations than Cr(VI). Barley seedlings grown with 100 WM Cr(III) showed 40% of growth inhibition whereas inhibition caused by the same Cr(VI) level reached up to 75% in shoots and 90% in roots [38] .
Progressive stages of chlorosis and necrosis are symptoms of Cr toxicity in plants. Barley plants exposed to 50 ppm Cr(VI) remained vital although with altered appearance ; further exposure to 100 ppm caused a stressed appearance after 2 days, and after 7^10 days all barley plants died. Toxic symptoms produced by Cr(VI) are stronger than those caused by Cr(III), and occur earlier and at lower concentrations [74] .
A decrease in protein content and in nitrate reductase activity analyzed in vitro has been reported [2] . Cr also elicits the synthesis of polyamines in barley; Cr(VI) was a faster and more e¤cient inducer of putrescine synthesis than Cr(III). Shortly after putrescine induction, decrease in growth, chlorosis, induction of leaf chitinase activity and later reduction of shoot growth and lowered water content in leaves were observed [74] .
Micronuclei formation and chromosome aberrations have been observed in Vicia faba and Allium cepa root tips exposed to heavy metals [75, 76] . Although micronuclei formation correlated with Cr levels detected in contaminated soils [77] , the levels of other heavy metals present in the soil samples were not measured, and hence the possibility that the nuclear aberrations observed could be due to the presence of other heavy metals remains.
Resistance to chromium compounds

Bacterial plasmid-mediated resistance
A variety of chromate-resistant bacterial isolates has been reported, including strains from environmental and clinical settings; in these natural isolates chromate tolerance is usually associated with plasmids [78] . The involvement of sulfate transport in plasmid-conferred chromate resistance has been ruled out in both P. £uorescens [23] and A. eutrophus [24] : resistant strains with plasmids transported sulfate with a similar kinetics to that shown by plasmid-less chromate-sensitive strains. Bopp and Ehrlich [79] also showed that Cr(VI) reduction is independent of the chromate resistance mechanism conferred by plasmid pLHB1 of P. £uorescens. Dhakephalkar et al. [80] reported that plasmid pARI180, from a Pseudomonas mendocina strain, determined both chromate resistance and reduction. The mechanism of resistance has not been elucidated yet.
Two plasmid-associated chromate resistance determinants have been analyzed to the molecular level: those from plasmids pUM505 of P. aeruginosa [81] and pMOL28 of A. eutrophus [82] . The chromate resistance chrA genes were cloned and sequenced. From the nucleotide sequence it was deduced that pUM505 and pMOL28 encode hydrophobic proteins, named ChrA, of 416 and 401 amino acid residues, respectively [81, 82] . The ChrA polypeptides shared 29% of identical residues (Table 1) . ChrA from both Pseudomonas and Alcaligenes were expressed in E. coli but they did not confer Cr resistance in this host [81, 82] . A second gene, chrB, was found in the Alcaligenes determinant but not in that of Pseudomonas and was assigned a role in the regulation (induction) by chromate of the resistance phenotype [82] .
Based on their amino acid composition and hydropathic pro¢les, ChrA from both Pseudomonas and Alcaligenes are considered as membrane proteins probably having 12 transmembrane spans (Fig. 2) [78] , as has been shown for other inner membrane transport proteins [83] ; Nies et al. [84] suggested that the ChrA proteins have only 10 transmembrane spans. Further ChrA homologs have been found from protein sequence databases, including cyanobacterial and Archaeal outputs ( Table 1 ). The role of these putative ChrA homologs in chromate resistance has not been established. Sulfur-regulated protein SrpC from a . Cytoplasmic (C) and periplasmic (P) numbered loops and the NH 3 and COO 3 ends are also shown. Basic residues (7), probably involved in chromate binding, are highlighted. plasmid of the cyanobacterium Synechococcus also showed similarity to ChrA (Table 1) ; SrpC seems to be involved in sulfate transport, but not in chromate resistance [85] . Amino acid composition and hydropathic pro¢les of ChrA are similar to those from ArsB, the inner membrane protein of the arsenic resistance operons which extrudes arsenite in several bacterial species [86] (Table 1) . ArsB also possess 12 transmembrane segments [86] . Thus, a chromate e¥ux system was postulated as the mechanism of chromate resistance by ChrA [78] .
In agreement with its apparent membrane location, ChrA caused a diminished chromate uptake in Pseudomonas-resistant strains [81, 87] (Fig. 3A) . Similar results were also found in Alcaligenes [82] . A reduced chromate uptake has also been observed in plasmid-containing cells of P. £uorescens [23] and Enterobacter cloacae [88] . Nies et al. [84] suggested that ChrA proteins may function as chromate/sulfate antiporters although no experimental evidence has been obtained in that direction.
Using everted membrane vesicles it was recently demonstrated that resistance to chromate conferred by ChrA in P. aeruginosa is based on an e¥ux system that extrudes chromate from the cytoplasm [87] . Vesicles obtained from the resistant strain accumulated signi¢cantly more chromate than those from the sensitive one (Fig. 3B) . Cr accumulation followed a Michaelis^Menten kinetics with a K m of 0.12 mM chromate; interestingly, this K m value was similar to that of 0.14 mM reported for the e¥ux of arsenite by ArsB [89] . It was also shown that chromate e¥ux is dependent on NADH addition and it was abolished by respiratory-chain inhibitors and uncouplers, suggesting that chromate e¥ux depends on the membrane potential [87] . Chromate e¥ux by membrane vesicles was also inhibited by sulfate, suggesting that ChrA binds sulfate.
Bacterial Cr(VI) reduction
Reduction of Cr(VI) to less toxic Cr(III) has been suggested as an additional chromosome-encoded chromateresistance mechanism, in addition to the plasmid-encoded tolerance (reviewed by Cervantes and Silver [78] and Ohtake and Silver [90] ). E. cloacae HO1 strain, described as chromate-resistant [91] , is the most studied example of Cr(VI)-reducing bacteria [90] . Bacillus sp. QC1-2, a strain isolated from a Cr-polluted zone, was also selected by its ability to both tolerate chromate and reduce Cr(VI) to Cr(III) (Fig. 4) [92] . A Cr(VI)-reducing activity was found in both soluble and membrane fractions of Desulfovibrio vulgaris [93] . Cytochrome c3 was reported to catalyze Cr(VI) and uranium [U(VI)] reduction in D. vulgaris [94] , suggesting that this cytochrome may function as both U(VI) and Cr(VI) reductase.
Chromium resistance in algae
Only a few reports on Cr resistance in algae have been Fig. 4 . Chromate reduction by Bacillus sp. QC1-2. Cell suspensions (ca. 1U10 9 cells ml 31 ) containing 0.3 mM chromate were incubated at 30³C for the indicated times. After centrifugation, Cr(VI) was quanti¢ed in the supernatant (a) and in the pellet (+). Total chromium was also measured in the supernatant (F). Total chromium and Cr(VI) were measured by atomic absorption spectrophotometry and by a spectrophotometric method using diphenylcarbazide, respectively ; Cr(III) was obtained by the di¡erence between total chromium and Cr(VI). published and no details on tolerance mechanisms are known. S. acutus develops tolerance to Cr(VI) after being treated with chromate, leading to a Cr-tolerant progeny by sexual reproduction; with chromate, asexual reproduction does not occur [95] . Induction of plastid-deprived gametes is favored in the presence of Cr [66] . Such interference of Cr with plastidial metabolism has been described in Scenedesmus [96] , Chlorella [97] , and Euglena [64] . Interestingly, tolerance to Cr(VI) in Scenedesmus is not related to a decreased metal uptake [98] . The Cr-tolerant strain is less sensitive to copper but not to zinc [99] . S. acutus cultured in the presence of Cr(VI) forms aggregates; when the aggregates break up, bi£agellated cells are released, allowing the cell to survive [95] .
Analysis of metal pollution in a river, receiving waste from a paper mill, revealed that Cr reached toxic values of 20^80 ppm at the point of discharge and 1 km away [9] . Several algae showed tolerance to these Cr levels, which promoted increased populations, particularly of Oscillatoria, Phormidium, Scenedesmus and Pandorina [9] .
Chromium resistance in fungi
Chromium resistance has been described in ¢lamentous fungi and yeasts, either by mutagenic induction of laboratory strains [33, 100] or through the isolation of Cr-resistant organisms from Cr-contaminated environments [35,101^103] . In the ¢lamentous fungus N. crassa, chromate-resistant mutants induced by UV treatment were defective in sulfate transport [33] . Previous observations linked a defect in sulfate uptake of S. cerevisiae to an increased resistance to chromate and selenate, ions that share the same permeases [104^106]. It was proposed that this defect caused S. cerevisiae to down-regulate its sulfate uptake system; this lowered available sulfur led to the replacement of non-essential sulfur amino acids in proteins, resulting in a signi¢cantly lower cysteine content compared to other eukaryotes [107] .
In Schizosaccharomyces pombe, UV-and nitrosoguanidine-mutagenesis led to the isolation of chromate-sensitive and -tolerant mutants [100] . Growing cells of the sensitive mutant exhibited high accumulation of total Cr, whereas those of the resistant mutant showed a signi¢cantly lower accumulation of the metal. These observations suggested that chromate resistance was due to reduced uptake of the metal [100] . The analysis of chromate-sensitive mutants of S. cerevisiae showed the involvement of at least six loci in the maintenance of wild-type levels of resistance to chromate [108] . One of these loci was identi¢ed as LYS7 [108] , which is the structural gene for homocitric dehydratase, an enzyme involved in lysine biosynthesis ; however, the role of this enzyme in Cr detoxi¢cation is unclear.
Mutants of S. cerevisiae devoid of vacuolar structures or de¢cient in speci¢c protein subunits of the vacuolar (V)-H(+) ATPase showed increased sensitivity to chromate and tellurite; such sensitivity was associated to an increased accumulation of Cr and Te [109] . The accumulation of both Cr and Te occurred mainly in the cytosol, whereas detoxi¢cation was in£uenced by the presence of a functionally active vacuole [109] .
Yeast strains isolated from Cr-contaminated environments include the genus Candida [35,101^103] and to a minor extent Rhodosporidium [35] . These yeasts are resistant to high concentrations of chromate as compared to the most common S. cerevisiae, which is more sensitive [35,101^103] . In some species of Candida and Rhodosporidium, the general mechanism of chromate resistance is related to reduced ion uptake, rather than to biological reduction of Cr(VI) to Cr(III), since Cr accumulation was much higher in chromate-sensitive yeasts S. cerevisiae and C. famata [35, 101] .
Strain RR1 of Candida sp., isolated from a leather tanning plant, was able to grow in the presence of 2 mM chromate. RR1 caused the removal of about 60% of total Cr(VI) initially present in the medium after 14 h incubation [103] (Fig. 5A) . Laboratory strains of the zygomycete fungus Mucor rouxii and the yeasts Candida albicans, S. cerevisiae and Yarrowia lipolytica were unable to grow under these conditions and showed no e¡ect on the concentration of chromate in the medium [103] . When Candida strain RR1 was cultured for longer periods with chromate, there was a further increase in ion removal that correlated with the appearance of Cr(III) in the medium (Fig. 5A ). These observations indicated that in strain RR1 exists a causal correlation between Cr(VI) reduction and Cr(VI) resistance.
Chromium resistance in plants
The mechanisms of Cr resistance in plants have not been elucidated. The observation that members of the Brassicaceae family are high Cr accumulators makes these plants suitable models for the analysis of Cr resistance mechanisms [15] . Natural resistance to heavy metals has been observed in liverworts growing in contaminated soils and in aquatic macrophytes growing in polluted waters [44,110^112] . From these studies, a correlation between contents of Cr in soil and the presence of the macrophyte Comocephalum conicum has been established, suggesting that this plant may be useful in monitoring soil contamination by metals [111] .
Plants may also be able to reduce Cr(VI) to Cr(III), a detoxi¢cation reaction that very likely occurs in roots, and that may be catalyzed by Cr reductases similar to those found in bacteria. However, no such enzymes have been identi¢ed in plants [45] .
Bioremediation of chromium pollution
Chromium, with its great economic importance in industrial grounds, is a major metal pollutant of the environment [113] . To our knowledge, no large-scale processes to bioremediate Cr pollution have been implemented. Thus, we will describe some laboratory demonstrations of Cr decontamination with microorganisms and plants which might be applicable to Cr bioremediation. Biological reduction of Cr(VI) to Cr(III) is a potentially useful mechanism to detoxify Cr pollution and to bioremediate contaminated wastes [90, 114] . However, as Cr(III) is also harmful to several organisms, the reduction of Cr(VI) together with Cr(III) compartmentation could be a valuable strategy to control Cr dispersion. Subcellular compartmentation may be carried out more e¤ciently by plants.
Bioremediation with bacteria
The Cr(VI)-reducing ability found in some bacteria (Table 2) has raised the possibility of using these microorganisms as a biotechnological tool for remediation of chromate-polluted zones [90,114^116] . The main advantages of using bacterial Cr(VI) reduction are that it does not require high energy input nor toxic chemical reagents and the possibility of using native, non-hazardous strains. Several microbiological strategies to remove chromate involving Cr(VI) reduction have been extensively reviewed by Ohtake and Silver [90] and will not be detailed here.
A distinct type of bacterial interaction with Cr is extracellular precipitation. Since insoluble metallic complexes are usually less toxic than ionic forms, precipitation is considered a detoxi¢cation mechanism [117] . Precipitation of Cr has been reported in anaerobic Clostridium [118] and by sulfate-reducing bacteria [119] .
Engineering of bacterial heavy-metal resistance genes have resulted in the generation of biosensors for several toxic metals [120] . Peitzsch et al. [121] reported a chromate sensor consisting of the transcriptional fusion of chr chromate-resistance genes and lux reporter genes. These fusions, expressed in A. eutrophus, responded to micromolar concentrations of chromate and dichromate ions but were 10 times less sensitive to Cr(III) compounds; moreover, no signal was observed with other oxyanions. The authors proposed that this biosensor may be used to monitor chromate levels in industrial sewage waters [121] .
Bioremediation with algae
Adsorption of Cr(III) by heat-dried biomass of the cyanobacterium Phormidium laminosum has been reported [122] . Binding of Cr(III) by microalgae was enhanced at lower pH values (from 3.5 to 5.5) than that of Cr(VI), which was in turn favored at pH 2.0 or lower [123] . These results demonstrate that optimal pH for bioremoval also depends on the oxidation state of Cr. Reduction of Cr(VI) to Cr(III) was increased from 25 to 55³C [123] .
The ¢lamentous alga Cladophora accumulated several Abbreviations: Ana, anaerobic ; Aer, aerobic; M, membrane ; S, soluble; ND, non-determined.
heavy metals, but Cr was the metal with the higher accumulation and the faster uptake rate (72% after 15 min) [124] . Selenastrum removed 39% of the Cr in solution from samples of a post-anaerobic digester in a tannery e¥uent [62] . Cr(III) was e¡ectively removed (83^99%) in laboratory tests by Scenedesmus, Selenastrum and Chlorella, whereas Cr(VI) was removed in a surprisingly lower degree (18^22%) [62] . The lower Cr removal from wastewater in comparison to arti¢cial solutions may be due to competition with chelating compounds including organic matter. Using immobilized cells in columns with kappacarragenan (£uidized bed) or polyurethane foam (packed bed), C. vulgaris removed 48 and 34% of Cr, respectively, whereas S. acutus removed 36 and 31% [61] . Since the Cr concentration used was well above the level of industrial e¥uents, a possible use of immobilized algae in wastewater treatment seems viable. The removal of Cu, Ni, Al and Cr by the red alga Cyanidium caldarium from acidic mine wastes occurs by cell surface precipitation of metal-sul¢de microcrystals [125] . Thus, this alga may be a suitable organism for removal or recovery of metals from heavy-metal-polluted wastewaters.
Bioremediation with fungi
Yeasts and ¢lamentous fungi also o¡er a viable alternative for the bioremediation of waters and soils polluted by Cr. However, no practical use of fungal cells in Cr bioremediation has been reported. Many fungi contain chitin, the homopolymer of N-acetylglucosamine, and chitosan, a heteropolymer of N-acetylglucosamine and glucosamine, as an integral part of their cell wall structure. The deacetylated amino groups of glucosamine may act as binding sites for metals [113] . In addition, a new siderophore type, named rhizoferrin, which shows increased Cr(III) biosorption, has been identi¢ed in Mucorales. Rhizoferrin is a polycarboxylate siderophore that is able to bind Fe(III), Cr(III), and Al(III). Trivalent Cr and Al should not be reduced under physiological conditions. These metals remain bound to the siderophore and may be accumulated by the cells in a further stage ; for some microorganisms this can be a mechanism of resistance to toxic metals [113] .
Chemically treated mycelia from Mucor mucedo and Rhizomucor miehei e¤ciently bind Cr [126] . The biomasses obtained from Rhizomucor arrhizu, Candida tropicalis and Penicillium chrysogenum were excellent biosorbents of Cr [26] . Aspergillus carbonarius NRC401121 adsorbs Cr from solution and the amount of adsorbed metal per biomass unit increased with a decrease in the biomass concentration [127] . Mucor hiemalis MP/92/3/4 was also able to accumulate substantial amounts of Cr. Binding of Cr(III) by M. hiemalis seemed to be mainly a passive biosorption to the cell wall, whereas for the uptake of Cr(VI) intracellular accumulation as well as biosorption are possible [113] . S. cerevisiae and Candida utilis have the ability to sorb Cr(VI) and the sorption capacity of dehydrated cells is considerably higher than that of intact cells [128] .
Although in most cases Cr accumulation in the chromate-resistant fungi was lower than in chromate-sensitive strains, the biosorption and bioaccumulation processes were similar [100] . In the context of bioremediation, the biosorption ability of chromate-resistant mutants could be combined with their ability to reduce chromate. Chromate-resistant strains of Aspergillus spp. [129] and Candida spp. [103] , isolated from Cr-polluted environments, have shown Cr(VI)-reducing activity. As previously mentioned, the latter strain caused a decrease in Cr(VI) from the culture medium which was accompanied by the appearance of Cr(III) (Fig. 5A) . This Candida spp. strain also decreased by 40% the amount of Cr(VI) when incubated in Cr-contaminated soil (Fig. 5B ). This observation suggests that Cr-resistant fungi with Cr(VI)-reducing activity have a good potential for bioremediation of Cr-polluted soils.
Bioremediation with plants
Although the use of plants to remediate contaminated soils (phytoremediation) is in its initial stages of research and development, it is a possibility for the detoxi¢cation of heavy-metal-polluted areas. This technology is based on the ability of the plant to absorb, sequester, and/or transform a contaminant [130] . Plants, because of their size, can be easily managed, their distribution can be controlled, and they can be readily processed for recovering valuable metals. As mentioned above, the macrophyte C. conicum has been proposed as a tool for monitoring soil contamination by Cr [111] .
In contrast to cadmium and mercury, in which several strategies have been successfully applied to generate plants able to accumulate or transform these metals [130] , there are only a few reports on Cr phytoremediation. Recent works provide evidence that some members of the Brassicaceae family [15, 46] , as well as water hyacinth [45] , could be high Cr accumulators. Although these plants do not ful¢ll the hyperaccumulator criteria, since they do not accumulate higher levels of Cr in their shoots, they seem currently the best option available as Cr phytoremediators. The reduction of Cr(VI) to Cr(III) by these plants [15] will obviously not terminate the problem of Cr contamination, since Cr(III) is also detrimental for plant growth; however, their use will produce a less harmful and more manageable compound.
Concluding remarks
Microbes and plants display diverse interactions with Cr in the environment. Bacterial plasmid-encoded chromate resistance genes have been cloned and sequenced. The mechanism of tolerance is based on the e¥ux of chromate ions. Cr(VI) reduction by bacteria has been largely postulated as a good candidate for bioremediation. In the case of fungi, most of the reports link chromate resistance to modi¢cations in ion uptake systems. A few studies describe Cr(VI)-reducing activities in fungi and plants (but not in algae yet) and the possible relationship of this process with chromate resistance and bioremediation. Algal and fungal biomasses have proven useful in biosorption studies for the removal of Cr from contaminated sources. Although still poorly understood, plant Cr bioaccumulators seem promising as Cr bioremediation tools.
